pared from mice deficient for the ion channel-forming subunit GluR5. Therefore, our results not only provide pharmacological tools. However, the discovery of a specific AMPA receptor antagonist, GYKI53655, has made evidence for the existence of a metabotropic kainate receptor that inhibits Ca 2ϩ channels, but also indicate functional studies feasible (Paternain et al., 1995; Wilding and Huettner, 1995). As a result, it has been proposed that an ion channel-forming subunit is involved independently in both ionotropic and metabotropic activities. that kainate receptors play a role in both synaptic transmission and synaptic plasticity (Castillo et al
, for a review). Progress in this field has been hampered by the lack of specific pared from mice deficient for the ion channel-forming subunit GluR5. Therefore, our results not only provide pharmacological tools. However, the discovery of a specific AMPA receptor antagonist, GYKI53655, has made evidence for the existence of a metabotropic kainate receptor that inhibits Ca 2ϩ channels, but also indicate functional studies feasible (Paternain et al., 1995; Wilding and Huettner, 1995) . As a result, it has been proposed that an ion channel-forming subunit is involved independently in both ionotropic and metabotropic activities. We previously postulated that kainate receptor activaContractor et al., 2001 ). In addition, it has been shown tion induces the inhibition of GABA release by activating a Pertussis toxin-sensitive G protein coupled to Phospholipase C, which in turn activated PKC. We reasoned that if diacylglycerol were necessary for the activation cultures treated with the G protein blocker Pertussis toxin (0.5 M, 6 hr at 37ЊC; 9 cells studied; Figure 1C Figure 2C ). To further assess that kainate-induced intracellular Ca 2ϩ elevation presented a kainate-induced response ( Figure 3A) . In mice, a 4 s application of kainate (50 M) depressed was due to its release from intracellular stores, we adopted a protocol of emptying and refilling intracellular the response to a subsequent pulse of K ϩ by 47.5% Ϯ 3% (n ϭ 54), while in rats the same protocol resulted in Ca 2ϩ stores as follows. Pulses of kainate were applied 1 min and 4 min after removing Ca 2ϩ from the extracellua slightly stronger inhibition of 62% Ϯ 6.3% (n ϭ 13). Since this effect was observed in both rats and mice, lar fluid. The absence of extracellular Ca 2ϩ was complete because a pulse of K ϩ failed to induce any Ca 2ϩ signal including several different mouse strains (e.g., C57, BALB/C, sv129), then it seems reasonable to pool the ( Figure 2H ). Under this situation, the earlier (⌬F/F 0 ϭ 15% Ϯ 2.8%; n ϭ 5) but not the later (⌬F/F 0 ϭ 3.8% Ϯ data obtained from all the cells studied in these experiments (n ϭ 110), irrespective of whether or not kainate 0.9%; n ϭ 5) pulse of kainate was able to evoke an intracellular Ca 2ϩ signal ( Figure 2H ), indicating that the induced an inhibitory effect. Treating the data in this way led us to the conclusion that Ca ). Alternatively, it may result from the inactivation of Ca 2ϩ channels due to the membrane 2I). This experiment provides the additional evidence that kainate is able to induce Ca 2ϩ release from intraceldepolarization provoked by the application of kainate. These possibilities were both discarded since depolarizlular stores.
ing pulses of K ϩ applied repeatedly at similar intervals did not alter the [Ca 2ϩ ] int (94% Ϯ 12%; n ϭ 8; Figure 3A ).
Kainate Receptor Activation Modulates Ca

2؉
Signaling in DRG Cells
Furthermore, the inhibitory effect of kainate was absent in cultures that had been treated with Pertussis toxin Voltage-dependent Ca 2ϩ channels are strongly inhibited by G proteins (see Malbon, 1999, 2000) .
(0.5 g/ml; 6 hr at 37ЊC), indicating that a G protein was ] int . However, we further studied the effect of kaiever, it might have been expected that K ϩ -induced Ca 2ϩ influx subsequent to kainate application would be denate on the K ϩ -induced Ca 2ϩ influx in 41 of these cells and found that in 21 of them (51%), the Ca 2ϩ elevation pressed in 68% of the cells (i.e., 6 cells) if Pertussis toxin had no effect. This was not the case, and on average, in response to the application of K ϩ was depressed by kainate (57% Ϯ 9% of inhibition [n ϭ 21]; Figure 4A ). This a slight potentiation (132% Ϯ 36%; n ϭ 9) of the Ca 2ϩ response to K ϩ depolarization following the kainate result indicates that, in principle, permeation through the kainate receptor ion channel was not required to pulse was actually observed. Furthermore, the depression of K ϩ -induced Ca 2ϩ accumulation was sensitive to produce the second messenger-mediated effect. Therefore, we evaluated the ionotropic activity of kainate reprotein kinase C inhibitors. Indeed, the kainate-induced inhibition was 4.3% Ϯ 9% (n ϭ 7) in cells treated with ceptors by measuring the increase in [Ca 2ϩ ] int induced by kainate application and normalizing it to the cellular staurosporine (0.5 M), while in untreated sister cultures it was 31.3% Ϯ 3% (n ϭ 8; p Ͻ 0.05). Similarly, the more response to a depolarizing pulse of K imaging and considered these responses as a sen-1 M AM281, 100 M 2-OH-saclophen), were capable sor for the subcellular density of kainate receptors of of blocking this phenomenon (inhibition of 41% Ϯ 7% one or the other type. Images were taken at the peak in the absence versus 44% Ϯ 6% in the presence of the responses to K ϩ and kainate ( Figure 5 ). We observed cocktail; n ϭ 11; Figure 3C ). These data indicate that that the Ca 2ϩ increments induced by one or other agent the inhibition of the Ca 2ϩ influx triggered by kainate is were not uniform and that they did not colocalize at specific and involves a second messenger pathway, some places within the neuron. This fact was clearly specifically activated by kainate receptors. demonstrated when both images were merged. In Figure  5 , ized by subtracting the images representing the peak tion. As can be seen, many areas of strong inhibition did not colocalize with the large kainate-induced Ca 2ϩ reCa 2ϩ influx evoked by K ϩ before and after kainate application ( Figure 5D ). Such a manipulation revealed that sponses, further supporting the hypothesis that these activities of kainate receptors are not tightly related. the inhibition of Ca 2ϩ accumulation did not take place over the whole cell, but rather at particular points along Taking further advantage of this high-resolution approach, we determined whether the activity of kainate the neurites. Merging this image with that representing the distribution of kainate-induced responses ( Figure 5F ) on the K ϩ -induced Ca 2ϩ entry was concentration dependent at the hot spots present on neurites ( Figure 6A) ] int , they were sufficient to depress the pixels), or lower (yellow pixels) than the degree of inhibi- K ϩ -induced Ca 2ϩ signal ( Figures 6B and 6D) . Similarly, sponse (n ϭ 16, from 5 preparations; amplitude of the ATPA, an agonist that acts preferentially on GluR5-current estimated at the end of the pulse after leak subcontaining receptors, produced a depression of the K ϩ -traction; Figure 7B ). 
current (data not shown). 1991). Calcium channels were activated by a 50 ms
Finally, we estimated the activation rate of control and depolarizing pulse to 0 mV from a holding potential inhibited Ca 2ϩ currents. DRG neurons are large, ramified of Ϫ80 mV. The current elicited in this way had two compocells, making correct voltage and space clamping diffinents, one of which was mostly transient and gave way cult. We selected cells in which voltage clamp irregularitto a steady-state component. This steady current was ies in response to a depolarizing pulse seemed to be mostly blocked by -conotoxin GVIA (1 M), indicating sufficiently small, i.e., where the rise over time was well that it was mainly produced by N-type Ca 2ϩ channels (data fitted by a single and rapid exponential and the tail not shown; for review see Olivera, 1996). In contrast, currents were prominent (see Figure 7B ). These characthe peak current was resistant to this toxin and to more teristics were considered indicative of acceptable clamp general Ca 2ϩ channel blockers (e.g., Ni Frerking et al., 2001) . As a matter of fact, exposure of hippocampal slices to kainate reversibly currents followed by interference with the synaptic protein NSF, which finally would depress transmitter rereduced the presynaptic Ca 2ϩ signal and suppressed field EPSPs recorded from the CA1 area (Kamiya and lease. When ATPA was applied (9 min after the introduction of NEM), the induced inhibition was significantly Ozawa, 1998). It also seems possible that glutamate release from primary sensory afferents is modulated by reduced (18.1% Ϯ 6.1% inhibition; n ϭ 5 slices) and it was much smaller than the effect of ATPA application kainate receptors by a similar mechanism, since the G protein-interfering drug, NEM, reduces the kainate in untreated cells (54.1% Ϯ 7.9%; n ϭ 5 slices; p Ͻ 0.05). We also measured the effect of ATPA on the synaptic effect in spinal cord slices. Unfortunately, NEM affects a number of important cellular processes, including the response mediated by activation of NMDA receptors at ϩ40 mV, in the presence of the AMPA receptor antagrelease machinery. Therefore, although this drug is often used as a substitute of Pertussis toxin, this fact needs onist, LY303070, and observed similar results.
Although not entirely conclusive, these results are to be studied further. The analysis of neurons prepared from mice in which consistent with a model in which the modulation of glutamate release by GluR5 kainate receptors depends on the kainate receptor GluR5 has been deleted indicated that this subunit is necessary for kainate-induced inhibithe activation of a G protein.
tion of Ca 2ϩ currents (Figure 8) . In other words, the presence of this subunit rather than GluR6 is required to Discussion couple kainate receptors to the second messenger system, at least in DRG neurons. Therefore, these data The results of this study indicate that kainate receptors composed of GluR5 subunits are functionally coupled highlight the involvement of an ion channel-forming subunit in a dual signaling system, although the mechanism to G proteins and that their activation produced a reduction in Ca 2ϩ channel activity in dorsal root ganglion cells. by which kainate binding triggers the activation of a G protein remains to be specifically determined. GluR5, but we cannot distinguish among several possi-
